In Escherichia coli, expression of the RelE and HipA toxins in the absence of their cognate antitoxins has been associated with generating multidrug-tolerant "persisters." Here we show that unlike persisters of E. coli, persisters of Mycobacterium tuberculosis selected with one drug do not acquire cross-resistance to other classes of drugs. M. tuberculosis has three homologs of RelE arranged in operons with their apparent antitoxins. Each toxin individually arrests growth of both M. tuberculosis and E. coli, an effect that is neutralized by coexpression of the cognate antitoxin. Overexpression or deletion of each of the RelE toxins had a toxin-and drug-specific effect on the proportion of bacilli surviving antibiotic killing. All three toxins were upregulated in vivo, but none of the deletions affected survival during murine infection. RelE2 overexpression increased bacterial survival rates in the presence of rifampin in vitro, while deletion significantly decreased survival rates. Strikingly, deletion of this toxin had no discernible effect on the level of persisters seen in rifampin-treated mice. Our results suggest that, in vivo, RelE-generated persisters are unlikely to play a significant role in the generation of bacilli that survive in the face of multidrug therapy or in the generation of multidrug-resistant M. tuberculosis.
Chemotherapy of tuberculosis requires 2 months of treatment with a combination of four antituberculosis drugs, isoniazid (INH), rifampin (Rif), pyrazinamide (PZA), and ethambutol, followed by at least 4 months of continuing therapy with INH and Rif (48) . Although sterilization of the sputum of most patients can be achieved in 2 months, an additional 4 to 7 months is necessary to reduce relapse to acceptable levels (43) . The extended duration of chemotherapy required to combat relapse following chemotherapy seen with pulmonary tuberculosis has long been attributed to persistent bacilli (17, 39, 40) . One hypothesis is that subpopulations of bacilli reside in distinct physical niches in which only certain drugs are active because of adaptive alterations in the metabolism of the pathogen (4) . It has been hypothesized that these bacilli are metabolically inactive due to orchestrated alterations in microbial metabolism in response to hypoxia, nitrosative stress, and/or nutrient deprivation (10, 51, 56) and that the bacilli are drug tolerant by virtue of their lowered or altered metabolism (19, 40) . Another hypothesis is that subpopulations of bacilli in identical physical environments are in stochastically generated heterogeneous metabolic states, some of which are antibiotic tolerant (57) .
Both hypotheses predict the existence of drug-tolerant "persister" bacilli whose sterilization rate is associated with the length of time required to achieve a durable cure of tuberculosis. Persisters, in the sense most relevant to shortening chemotherapy, are bacilli that remain after months of chemotherapy. If chemotherapy is truncated, these remaining bacilli remain capable of reactivating metabolism to induce relapse with active disease, a phenomenon that can be modeled somewhat in mouse models (21, (36) (37) (38) 50) . Reproducibility, the extensive duration of the experiments, the relevance of the murine model to human disease, and the lack of observable bacilli have severely limited the utility of such models (51, 56) .
Bacterial drug tolerance is reported to result from lower metabolic requirements for processes that characterize actively growing cells, such as transcription, translation, replication, and cell wall synthesis (26, 27, 53, 54) . Such processes are typical targets for antibiotics, and cells that are not actively replicating are therefore thought to be broadly tolerant to multiple drugs and antibiotics. This correlation of metabolic activity with sensitivity to drugs has been suggested by a variety of experimental findings, including (i) the growth rate dependence of killing of cells by several antibiotics (15) , (ii) the increased number of persisters associated with ectopic expression of proteins that directly inhibit processes in macromolecular synthesis (27) , and (iii) the reduction in the number of persisters in cells that are defective in regulating nutrient transport, energy metabolism, and other aspects of active metabolism (35) . In fact, isolation of cells with low metabolic rates revealed a transcriptionally discrete subpopulation highly enriched with drug-tolerant bacteria (52) .
An attractive hypothesis for the origin of these persisters is that they arise from the stochastic overexpression of endogenous regulators of macromolecular synthesis in a subset of cells (27, 52, 53) . The best studied of these systems are the "toxinantitoxin" (TA) modules found within many prokaryotic genomes (44) . These modules are generally expressed from a bicistronic operon wherein the upstream gene encodes an unstable antitoxin and the downstream gene encodes a stable toxin (18, 22) . The antitoxins neutralize their cognate toxins by forming tight protein-protein complexes that abrogate toxicity if both modules are present in equal concentrations (25) . The two proteins have differing stabilities, however, so that in the absence of continued expression, the unstable antitoxin is eventually degraded, leading to growth arrest by the toxin (8) .
Many distinct TA families that impinge on persister formation have been described, including HipBA, MazEF, RelBE, CcdAB, ParDE, HigBA, Phd/doc, and VapBC (22, 44) . This effect was first described for mutations in hipA, which increase the proportion of persisters, with up to 10% of bacilli surviving drug treatment (30, 31, 41) . Likewise, RelE or MazF overexpression increases the number of persisters following antibiotic treatment (27, 33) . Persisters that survive drug treatment exhibit distinct transcriptional signatures. In one study of Escherichia coli, it was observed that at least 300 genes were differentially expressed in a persister population, 2% of which comprised TA modules, including dinJ yafQ, yefM, relBE, and mazEF (27) .
RelE leads to bacteriostasis by cleaving of the coding region of mRNAs at the ribosomal A site, resulting in ribosomal stalling on the truncated message (20, 22, 46) . Overexpression of transfermessenger RNA (tmRNA) releases stalled ribosomes from the transcript and tags the truncated peptides for proteolytic degradation (9, 24) . The expression of the relBE operon is minimal under normal logarithmic growth conditions, but stresses, such as amino acid starvation, lead to rapid depletion of RelB and growth arrest by RelE (8, 34) . We have previously demonstrated that treatment of Mycobacterium tuberculosis with a variety of drugs resulted in the apparent upregulation of RelE toxins (5) .
Bioinformatic analysis revealed that M. tuberculosis H 37 Rv encodes 38 potential toxins (9 MazF, 3 RelE, 1 HigB, 2 ParE, and 23 VapC homologs), of which 34 are operonic with a potential antitoxin gene (44) . In contrast, the related obligate intracellular parasite Mycobacterium leprae appears to have lost all functional toxin genes due to the unchanging nature of the niche M. leprae occupies in the human host (44) . Zhu and coworkers reported that four of the MazF homologs (Rv2801c, Rv1991c, Rv1102c, and Rv0659c) caused cell growth arrest when overexpressed in E. coli and that two (Rv2801c and Rv1102c) had endoribonuclease activity both in vivo and in vitro (62, 63) . Cleavage of single-stranded RNA by one of these MazF homologs from M. tuberculosis appears to have some sequence specificity, suggesting that it may play a direct role in posttranscriptional protein regulation (62) . Rv1991c also has RNase activity (61) , and overexpression of this protein is toxic in Mycobacterium smegmatis (7) .
In this study, we sought to establish whether the fraction of drug-tolerant persisters in populations of M. tuberculosis cells represents a uniform population of metabolically inactive cells tolerant to multiple drugs (as has been proposed for E. coli persisters) (58) . We investigated the role of the chromosomally encoded RelE toxins in the formation of drug-tolerant cells by both overexpression and targeted deletion. We show that the RelE proteins of M. tuberculosis are involved in determining the fraction of drug-tolerant persisters in vitro but that these persisters are drug and RelE isoform specific. None of the individual toxins was required for persistence in vivo, and treatment of mice infected with such mutants did not increase the frequency of in vivo persisters. These results suggest that individual classes of persisters have unique attributes and that even targeting individual mechanistic classes of persisters may not significantly impact the rate of sterilization by multidrug antituberculosis chemotherapy.
MATERIALS AND METHODS
Culture conditions, plasmids, and generation of relE1, relE2, or relE3 mutant strains. The plasmids and primers used in this study are described in Tables 1  and 2 . The E. coli XL2-Blue strain was used for cloning. M. tuberculosis was grown in Middlebrook 7H9 broth (Becton Dickinson, NJ) supplemented with ADC (0.81 mg/ml NaCl, 5 mg/ml bovine serum albumin fraction V [EMD Chemicals, NJ], 2 mg/ml D-glucose, 0.02% glycerol, and 0.05% Tween 80) or on Middlebrook 7H11 agar plates supplemented with OADC enrichment (ADC with 0.0006% [vol/vol] oleic acid). All drugs and antibiotics in this study were from Sigma-Aldrich (St. Louis, MO). Antibiotics were used at the following concentrations: ampicillin at 100 g/ml, kanamycin at 50 g/ml for E. coli and 10 g/ml for mycobacteria, and hygromycin at 200 g/ml for E. coli and 50 g/ml for mycobacteria.
Mutant strains of M. tuberculosis lacking the toxin activity associated with the RelE1, RelE2, or RelE3 toxin were generated by homologous recombination. For making mutant strains, upstream and downstream flanking regions of the gene of interest were PCR amplified using gene-specific primers and cloned using the vector p2NIL (45) . A PacI fragment from pGOAL17 (45) containing the lacZ and sacB genes was cloned into the PacI site to facilitate counterselection. Various mutant strains were generated using previously published protocols (45) . The disruption of each gene was confirmed by PCR using gene-specific primers and Southern blotting with chromosomal DNA.
For overexpression analysis of E. coli, M. tuberculosis relE1, relE2, or relE3 was PCR amplified using gene-specific primers (Table 2 ) and cloned into pExp5-NT (Invitrogen, Carlsbad, CA) with an N-terminal His 6 tag. For coexpression analysis of E. coli, genes encoding RelE1, RelE2, or RelE3 toxins were PCR amplified along with their cognate antitoxins by using gene-specific primers and subsequently cloned into the pExp5-NT vector. The expression of recombinant proteins was induced by the addition of 1 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) to E. coli at an optical density at 650 nm (OD 650 ) of 0.4 at 30°C for 3 h. For toxicity assays with mycobacteria, M. tuberculosis relE1, relE2, or relE3 PCR fragments were amplified and cloned into an anhydrotetracycline (Atc)-inducible vector, pTE-mcs-1 (11) . For overexpression of toxins in mycobacteria, cultures were grown to early log phase (OD 650 of 0.1) and expression of toxins was induced by the addition of 50 ng/ml of Atc.
Activity of RelE toxins in E. coli and mycobacteria. For toxicity assays with E. coli, the expression of toxins either alone or with their cognate antitoxins was induced by the addition of 1 mM IPTG. After induction for 3 h, 10-fold serial dilutions were made and 5 l of each dilution was spotted on LB plates with and without IPTG. For overexpression of toxins in mycobacteria, cultures were grown to an OD 650 of 0.1. Toxin expression was induced by the addition of 50 ng/ml Atc. At various time points, an aliquot was removed, 10-fold serial dilutions were made, and 100 l was plated in duplicate on Middlebrook 7H11 plates for CFU analysis. Toxicity assays were performed independently at least three times.
RNA extraction. Mycobacteria were grown to an OD 650 of 0.2 to 0.3 and subsequently exposed to various drugs (at 10ϫ MIC), 5 mM H 2 O 2 , or 5 mM S-nitrosoglutathione (GSNO) for 4 h. The concentrations of drugs used in the study were 4 g/ml for Rif, 1 g/ml for INH, 10 g/ml for levofloxacin (Levo), and 10 g/ml for gentamicin (Gm). For nutritional stress, mycobacteria were resuspended at an OD 650 of 0.4 in Tris-buffered saline (pH 7.5)-0.05% Tween 80 (TBST) for 4 days. Total RNA was extracted from M. tuberculosis as previously described (6) . Extracted RNA was DNase I treated using an Ambion DNA free kit (Applied Biosystems, Austin, TX). Complete DNA digestion was verified by subjecting an aliquot to 40 cycles of PCR using the appropriate primers ( Table  2) . M. tuberculosis RNA from mice infected for 4 weeks was extracted by homogenization of lungs in Trizol (Invitrogen, Carlsbad, CA) using a Pro300D homogenizer. Bacilli were harvested by centrifugation at 4,000 rpm for 10 min at 4°C, and RNA was subsequently extracted as previously described (6) .
Quantitative real-time PCR (RT-PCR) analysis. First-strand cDNA synthesis was carried out using Superscript III reverse transcriptase (Invitrogen, Carlsbad, CA). Real-time quantitative PCR was performed with a 7500 real-time PCR system (Applied Biosystems, Austin, TX) using a TaqMan PCR core reagent kit (Applied Biosystems, Austin, TX) according to the manufacturer's protocol. The sequences of primers used for first-strand cDNA synthesis and subsequent am-plification are given in Table 2 . A standard curve ranging from 0.15 pg to 1.5 ng genomic DNA was included in the PCR for quantification reference. The mRNA levels for relB1, relE1, relB2, relE2, relB3, and relE3 were quantified after normalization of mRNA levels to the expression level for the housekeeping gene sigA (6) .
Microarray analysis. Expression ratios from GenePix data files were calculated for each feature in each channel as the median number of pixels subtracted by the median number of background pixels for one color channel divided by the same for the second channel. If the feature pixel median did not exceed the background pixel median by three standard deviations, the ratio value was set to "missing" unless the median signal intensity in one channel was 5-fold above the median background number of pixels plus three standard deviations. Similarity between treatment or toxin overexpression groups was established using unsupervised class discovery by hierarchical clustering, with the Pearson correlation as the similarity metric (12) . Genes which characterized the various treatment groups were identified using the shrunken centroids of gene expression method (55) .
Persistence assays with RelE-overexpressing and relE mutant M. tuberculosis strains. The drug concentrations used for M. tuberculosis persistence assays were as follows: 4 g/ml Rif, 1 g/ml INH, 10 g/ml Levo, and 10 g/ml Gm. For persistence studies of overexpression strains, the expression of toxins was induced by the addition of Atc to a final concentration of 50 ng/ml. RelE-overexpressing and relE mutant strains were diluted to an OD 650 of 0.01 to 0.02 in 7H9 medium containing drugs at the concentrations indicated above and incubated at 37°C for 7 days. Cells were subsequently harvested by centrifugation at 3,000 ϫ g for 10 min, washed twice with antibiotic-free media, and resuspended in 1 ml of 7H9 medium. For CFU analysis, duplicate 10-fold serial dilutions were made and aliquots were plated. Percent survival was calculated from the median number of CFU/ml in the culture after incubation with the drug for 7 days divided by the number of CFU/ml in the culture before the addition of drug.
Infection of murine macrophages. The mouse macrophage-like J774A.1 cell line was cultured in Dulbecco's modified Eagle's medium (DMEM) (Invitrogen, Carlsbad, CA) containing 10% fetal calf serum (FCS). Cells were seeded in a 24-well plate for infection at a cell density of 5 ϫ 10 5 per well. Cells were infected with either the wild type or a mutant strain at a multiplicity of infection (MOI) of 1:10 (macrophage to bacteria). After 6 h, cells were washed twice with 1ϫ Hank's balanced salt solution and overlaid with 2 ml DMEM supplemented with FCS (10%) and amikacin (20 g/ml). At various time points, the medium was aspirated and the macrophages were lysed with 1 ml of 0.05% sodium dodecyl sulfate (SDS) for 15 min at room temperature, followed by thorough pipetting to release intracellular bacteria. Duplicate 10-fold serial dilutions were prepared and aliquots plated in duplicate on 7H11 plates for colony counting.
Mouse infections. Prior to infection, mycobacteria were passed through 5-m filters and subcultured in fresh 7H9 medium to an OD 650 of 0.45. Six-to 8-week-old C57BL/6 mice were infected with the wild-type, ⌬relE1, ⌬relE2, or ⌬relE3 H 37 Rv strain via the aerosol route, which results in the implantation of approximately 100 bacilli into the lungs (previously described in reference 6). Bacterial numbers were counted at 1, 14, 28, 56, and 102 days postinfection (four mice per time point) by independently homogenizing the lungs and spleen in 2 ml of 7H9 medium and plating aliquots of 10-fold serial dilutions on 7H11 plates in duplicate.
For drug treatment of infected mice, infected mice were orally gavaged 4 weeks after infection with 10 mg/kg of body weight of Rif daily for up to 5 weeks of treatment. At various time points, bacterial numbers in the lungs and spleens of Rif-treated mice (four mice per time point) were determined as described above. (Fig. 1A) . The amount of each of the three relE transcripts produced in the presence of various known antituberculosis drugs was normalized to that of the housekeeping gene sigA and compared to untreated-control ratios (6) . We examined the responses to four different agents with differing modes of action: Rif, which inhibits transcription; Gm, which inhibits translation; Levo, which inhibits DNA gyrase; and the mycobacterium-specific drug INH, which affects primarily cell wall synthesis. The three genes of interest exhibited differential, overlapping specificities in their responses: relE1 was the most specific, and transcription was induced only 3-fold by Rif; relE2 mRNA levels were upregulated 11-, 4-, and 2.5-fold by Rif, Gm, and Levo, respectively; and relE3 was induced 3-, 5-, and 2-fold by Rif, Gm, and Levo, respectively (Fig. 1A) . None of the three relE homologs were regulated in response to INH. Since M. tuberculosis encounters a number of adverse conditions, such as nutritional, oxidative, and nitrosative stress, in the host, the mRNA levels of relE1, relE2, and relE3 were evaluated under these conditions individually, as well as in bacteria isolated from the lungs of mice infected for 4 weeks. Similarly to results with drug-exposed cells, these stresses caused differential effects on the transcription of these relE-like genes, with nitrosative stress affecting relE3 transcription 2-fold, oxidative stress upregulating relE2 and relE3 levels 2.6-fold and 3.6-fold, respectively, and starvation in TBST resulting in the 6-fold upregulation of relE2 mRNA levels (Fig. 1A) . Transcript levels of all three relE homologs, relE1, relE2, and relE3, were upregulated in lungs of mice infected for 4 weeks (9-, 11-, and 13-fold, respectively), whereas transcript levels of relB antitoxin homologs relB1, relB2, and relB3 were upregulated 0.8-, 2.0-, and 2.1-fold, respectively (Fig. 1B) . This indicates that stresses other than nitrosative, oxidative, or nutritional stresses were responsible for the observed in vivo upregulation of relE1 transcription and that there may be added complexity to the regulation of these systems in the infected host.
Overexpression of the M. tuberculosis RelE homologs induces bacteriostasis. To explore the functional roles of the M. tuberculosis RelE homologs, all three were tested individually for toxicity upon overexpression in E. coli. Induction of protein expression by addition of 1 mM IPTG led to severe growth inhibition in cells overexpressing any of the three RelE homologs, whereas no growth inhibition was observed in cells containing the empty vector ( Fig. 2A) . This growth inhibition could partially be alleviated by coexpression of RelE1, RelE2, and RelE3 with their cognate RelB antitoxins ( Fig. 2A) . We also observed that overexpression of RelE2 and RelE3 induced a bacteriostatic effect on the growth of E. coli (data not shown).
To analyze the effect of RelE overexpression in M. tuberculosis, the ORFs were cloned under the control of an Atcinducible promoter and transformed into the virulent H 37 Rv strain of M. tuberculosis (11) . Consistently, RelE homolog expression inhibited cell growth (Fig. 2B) . This was, however, a purely static effect, as no decrease in bacterial CFU was observed (Fig. 2C) . A resumption of bacterial growth in cells overexpressing RelE2 and RelE3 was observed after 4 days (Fig. 2C) , which may be due to reduced quantities of active Atc, since this regrowth could be prevented by further supple- Surprisingly, in view of the observed upregulation of relE1, relE2, and relE3 in lung tissues of mice infected via the aerosol route, the mutant strains displayed growth rates and survival kinetics similar to those of the wild-type strain in J774A.1 macrophages (Fig. 3A) . Similar results were also seen with the spleens and lungs of mice infected via the aerosol route ( Fig. 3B and C) . These data suggest that while these genes may play a functional role in the pathology of tuberculosis, they do not have a direct effect on the growth and survival of the bacterium itself.
Transcriptional response to RelE overexpression. The drugspecific patterns in the transcriptional induction of the M. to that induced by translational inhibitors (Fig. 4) . This response is characterized by the upregulation of several ribosomal and ribosome-associated proteins as well as genes encoding proteins that characterize the heat shock response (5). A subset of the genes that were elicited by RelE1 and RelE2 overexpression (i.e., the Rv2052c-Rv2053c and Rv2662-Rv2665 operons) have also been found to be upregulated under conditions of nutrient starvation (3, 5) . However, in contrast to results with RelE3, the global profiles elicited by RelE1 and RelE2 overexpression were distinct from the transcriptional responses seen during treatment with the drugs that induced their expression (5) and did not elicit metabolic pathways that were suggestive of known physiologic conditions (5).
M. tuberculosis RNase toxins contribute to persister formation in vitro.
To determine the contribution of the M. tuberculosis RelE homologs to the formation of drug-tolerant persisters, RelE toxins were overexpressed by the addition of Atc for 4 days, and the fractions of persisters in M. tuberculosis overexpressing the toxins or in vector control cells were calculated after 1 week of exposure to the same four drugs used to test for induction of transcription (Rif, Gm, Levo, and INH) (Fig. 5) . Overexpression of all three RelE homologs in M. tuberculosis increased persistence in the face of transcriptional and translational inhibition by Rif and Gm. RelE1 overexpression had the most modest effects overall on the fraction of persisters remaining after treatment with various drugs. RelE2 overexpression showed the greatest effect, increasing the number of Rif-tolerant persisters approximately 2-, 6-(P Ͻ 0.005), and 13 Ϯ 3-fold (P Ͻ 0.0001) after 1, 2, and 4 days of toxin induction, respectively, consistent with our observation that relE2 was the most upregulated toxin upon Rif exposure (as determined by RT-PCR analysis). This effect was specific for RelE2 induction, since we did not see any difference in Riftolerant persisters in cells overexpressing RelE1 or RelE3 and in vector control cells during the course of the experiment ( Fig.  5A ; also see Fig. S2A in the supplemental material). RelE3 overexpression, in contrast, led to the greatest statistically significant change (15-fold) in persistence during Gm and Levo exposure (P Ͻ 0.001) (Fig. 5B and C) . Overexpression of RelE3 also conferred a slight increase (P Ͻ 0.05) (Fig. 5D ) in the frequency of persisters remaining after INH exposure. In contrast to the increase in numbers of persisters seen in stationary-phase cultures of E. coli, Staphylococcus aureus, and Pseudomonas aeruginosa (26) , M. tuberculosis cultures did not have different fractions of Rif-and Levo-tolerant persisters in early log, log, and stationary phases (see Fig. S2B in the supplemental material), lending further support to the notion that the differences observed upon toxin overexpression were specific for the relE genes and not a function of the cell densities of the cultures.
If overexpression of the RelE homologs increased persister formation and was responsible for generating persisters, then deletion of each gene individually should yield the opposite results. To complement and confirm the results from Fig. 5 , we deleted each of the relE homologs individually to examine their effect on persister populations (Fig. 6 ). Despite modest increases in persister populations with RelE1 overexpression, the deletion of relE1 did not significantly affect persister populations after killing by any antibiotic agent. Deletion of relE2 significantly reduced the number of persisters 7-fold following treatment with Rif ( Fig. 6A ) (P Ͻ 0.001) and 8-fold following treatment with Gm ( Fig. 6B ) (P Ͻ 0.05), consistent with their increasing populations when RelE2 was overexpressed ( Fig.  5A and B) . Insignificant decreases were seen with Levo ( Fig.  6C) and INH (Fig. 6D ) treatment, although RelE2 overexpression increased survival rates only modestly (Fig. 5C and D) . Conversely, relE3 deletion had marked effects on persister populations following killing with Gm (9-fold) (P Ͻ 0.05), Levo (4-fold) (P Ͻ 0.05), and INH (4-fold) (P Ͻ 0.05). The decrease in persister formation observed with INH in the relE3 deletion mutant was not seen with other cell wall-active agents, including ethambutol, thiolactamycin, cephradine-clavulanic acid, and pyrazinamide (data not shown).
RelE2 does not contribute to rifampin persistence in vivo. Since our results indicated that RelE2 plays a role in Rif persistence in vitro, we also investigated the physiological role of this toxin in persistence during Rif treatment of mice infected with the wild type, the ⌬relE2 strain, or the ⌬relE2 strain 
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RelE EFFECTS ON MYCOBACTERIAL ANTIBIOTIC TOLERANCE 1285 complemented with relE2. Infected mice were treated with 10 mg/kg of Rif daily for 5 weeks, and bacterial burdens in organs were quantified on a weekly basis (Fig. 7) . These concentrations of Rif result in a peak blood serum concentration of 6.3 g/ml at 1 h after administration (L. E. Via and C. E. Barry, unpublished results), which is well above the MIC. However, unlike the clear in vitro phenotype observed with the relE2 mutant, no persistence defect was observed in the lungs or spleens of infected mice treated with Rif. Persisters to one drug are not cross-tolerant to other drugs. To determine whether the drug-tolerant M. tuberculosis persisters represented a uniformly multidrug-resistant population, early-log-phase cultures of M. tuberculosis (ϳ10 8 cells) were exposed to INH, Rif, and PZA at concentrations 10-fold higher than their MICs (Fig. 8A) . In agreement with published literature, maximal INH-mediated killing was achieved at day 4 (23a). Shortly thereafter, INH-resistant mutants began to emerge due to the high mutation frequency associated with this drug, increasing the M. tuberculosis population more than 10-fold by day 7. Rif-mediated killing continued through day 7, with a final population representing 0.0016% of the input bacilli surviving. As expected, PZA killed less than 90% of the cells (results not shown).
The M. tuberculosis inocula were also exposed to various combinations of these three drugs (Fig. 8A) . PZA did not reduce M. tuberculosis survival when used in concert with INH relative to the level seen with INH alone (compared to the maximal killing at day 4), while the combination of PZA and Rif did reduce survival compared to that found with Rif alone (day 7). Notably, the combination of INH and Rif reduced M. tuberculosis survival compared to the maximal killing seen with either INH or Rif alone. More strikingly, the combination of all three drugs resulted in a severe reduction in the survival of M. tuberculosis (2.8 ϫ 10 Ϫ5 %) compared to that found with any single drug treatment. These results suggest that persisters surviving exposure to one antibiotic remain susceptible to other antibiotics. These results could be recapitulated by sequential addition of drugs to the fraction of persistent cells that survived 7-day exposure to the first drug (results not shown). In contrast, persister populations of E. coli were multidrug tolerant (Fig. 8B) , as has been demonstrated earlier (58) , indicating that E. coli persister populations are phenotypically more homogeneous. (5) . SM, streptomycin; Ami, amikacin; Tet, tetracycline; Cap, capreomycin; Rox, roxithromycin. Genes that were predictive for toxin overexpression compared to translational inhibition were identified by the nearest shrunken centroid method of Tibshirani et al. (55) .
DISCUSSION
Numerous studies have demonstrated that both slowly growing bacteria and bacteria surviving an initial drug challenge acquire phenotypic resistance to multiple antibiotics (2, 13, 26, 27, 32, 52, 58) . Similarly, it has also been reported that nutrient-starved M. tuberculosis becomes resistant to multiple classes of drugs (3, 59) . In vitro models for screening drugs against these persister populations have been based on, for example, bacterial populations surviving Rif killing (40) . This study was an initial attempt to address the hypothesis that drug-tolerant persisters were a uniform subpopulation of M. tuberculosis cells under the influence of one of the multitude of toxin-antitoxin modules present in M. tuberculosis. The previous association of the RelE family RNase toxins with nutrient starvation and persister formation in other organisms (27) , combined with our observation that all three relE homologs were induced by multiple drug classes in vitro (5), led us to study this family in detail.
We refined our initial study of the transcriptional regulation of the relE family genes in M. tuberculosis by using quantitative RT-PCR and found that expression of each of the three relE toxins was responsive to specific stress conditions. The breadth and specificity of the regulation were surprising. Although relE1 responded to inhibition of transcription (by Rif) in vitro, the highest upregulation was displayed by relE2, which was upregulated 11-fold during transcriptional inhibition (although it did also respond to other stresses). In contrast, relE3 was the most responsive to translational inhibition, as seen by its 5-fold upregulation by Gm, although it was responsive to a lesser extent to other stresses. Interestingly, all three toxins, RelE1, RelE2, and RelE3, were highly upregulated between 9-and 13-fold in the lungs of mice that had been infected for 4 weeks, whereas the corresponding three antitoxins, RelB1, RelB2, and RelB3, demonstrated considerably less upregulation (0.8-to 2-fold) in vivo. This implies that the level of antitoxin produced during host pathogenesis is not sufficient to neutralize its cognate toxin and that, as a result, macromolecular metabolism is suppressed. It is likely that the regulation of the toxins in vivo depends on the local environment of the bacterium, with the transcriptional analyses representing only an average of the heterogeneous populations. This implies that the signals to which the different toxins respond have subtle, but important, differences.
As expected, heterologous overexpression of RelE1, RelE2, and RelE3 in E. coli strongly inhibited the growth of this organism, and the toxicity of these proteins was reduced when they were coexpressed with their cognate antitoxin partners. These toxins had similar activities when their expression was induced in M. tuberculosis. However, unlike reports describing a bactericidal activity induced by overexpression of some MazF toxins (1, 14, 16, 28, 42) , overexpression of the M. tuberculosis RelE toxins led to a state of reversible bacteriostasis. Similarly, we have found that inducible overexpression of the MazF homologs Rv2801c (MazF1), Rv1991c (MazF3), and Rv1102c (MazF6) in M. tuberculosis was bacteriostatic (see Fig. S1A in the supplemental material), suggesting that RelE and MazF FIG. 5 . Overexpression of the M. tuberculosis RelE homologs confers increased in vitro persistence to specific drugs. Mycobacteria harboring pTE-mcs-1, pTE-RelE1, pTE-RelE2, or pTE-RelE3 were grown to early log phase, and expression of toxins was induced by addition of Atc. After 4 days, the cultures were diluted to an OD 650 of 0.02 to 0.03 in medium containing Rif (4 g/ml), Gm (10 g/ml), Levo (10 g/ml), or INH (1 g/ml). Persisters were harvested by centrifugation 7 days thereafter, washed, and plated for CFU analysis. Percent survival was measured as the number of CFU/ml in the culture after incubation with the drug relative to the number of CFU/ml in the culture before the addition of drug. Fold increase values are the ratios of RelE1, RelE2, or RelE3 survivors to "vector-only" survivors. The results shown are from one of three independent experiments.
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RelE EFFECTS ON MYCOBACTERIAL ANTIBIOTIC TOLERANCE 1287 toxins do not function to promote cell death in M. tuberculosis. We cannot exclude, of course, the possibility that these toxins may result in cell death by acting in concert with another protein or under specific environmental conditions (see Fig.  S1A in the supplemental material). Ectopic overexpression and gene deletion of each of these toxins led to consistent, specific changes in the fraction of persister cells remaining following killing by individual antituberculosis drugs. Each of the different toxins contributed to the generation of persister cells with markedly different phenotypes. RelE2 overexpression, for example, led to an increase in Rif-tolerant cells, and deletion of this toxin led to a decrease in such persisters. Persisters to INH exposure were affected by RelE3, with overexpression and deletion of this toxin resulting in increased and decreased numbers, respectively. Both RelE2 and RelE3 affected persister cell formation following Levo and Gm exposure. RelE1 appeared to be the exception, with overexpression increasing the fraction of persisters only modestly during a variety of drug exposures and deletion failing to show an effect on persistence to any agent ( Fig. 5 and 6 and data not shown). Although the level of persistence observed in M. tuberculosis overexpressing the RelE toxins did not achieve the same levels as that reported for E. coli overexpressing RelE (27) , the copy number of the mycobacterial plasmids based on FIG. 6 . Functional deletion of the M. tuberculosis RelE homologs confers decreased persistence to specific drugs. Early-log-phase cultures were diluted to an OD 650 of 0.01 to 0.02 and treated with Rif (4 g/ml), Gm (10 g/ml), Levo (10 g/ml), or INH (1 g/ml) for 7 days at 37°C, followed by CFU analysis. CFU enumeration and percent survival were calculated as described in the legend for Fig. 5 . The results shown are from one of three independent experiments. FIG. 7. Killing of wild-type, ⌬relE2, and ⌬relE2::relE2 strains in Rif-treated mice. C57BL/6 mice were infected with the wild-type strain (squares), the ⌬relE2 strain (triangles), or the complemented strain (diamonds) as described in Materials and Methods. After 4 weeks of infection, mice were orally gavaged with 10 mg/kg of Rif for 5 weeks. At the indicated time points, 4 mice per group were euthanized and bacterial loads in spleens (A) and lungs (B) of Rif-treated animals were determined.
the oriM origin of replication is 3 to 5 (47), which is lower than the copy number of 12 to 15 for the plasmids used for RelE expression in E. coli; different promoters were used to drive expression in these systems. In contrast, deletion of relE in E. coli did not lead to a persistence defect (27) , whereas deletion of the mycobacterial homolog led to drug-specific persistence defects in vitro. These results demonstrate that while persistence can be induced by overexpression of these RelE-like toxins, the metabolic state induced by any single toxin is clearly not one of generalized metabolic shutdown. Likewise, we have found that overexpression and knockout of several of the M. tuberculosis mazF genes, Rv1102c (mazF6), Rv1942c (mazF5), and Rv2801c (mazF1), gave substantially similar results in that deletion or overexpression gave rise to drug-specific effects on persister formation (data not shown).
The difference in response among the three M. tuberculosis RelE homologs most likely suggests that they have different mRNA substrates. This is perhaps not surprising given the specificity of other endoribonuclease systems, such as the kid and kis system of the parD operon of E. coli, as well as the sequence specificity of MazF (25, 60) . Indeed, at least two of the MazF homologs of M. tuberculosis have been shown to have slightly different RNA consensus cleavage sites (62) . This result provides at least a conceptual framework for rationalizing the differential effects of these toxins on the global phenotype of bacterial cells, as each toxin may have a separate, defined subset of the transcriptome with which it interacts. The relative abundance of toxin-antitoxin loci in M. tuberculosis may therefore reflect the need for an additional level of control over the expression of specific protein subsets in comparison to that for organisms such as E. coli, which has only 5 modules (44) , in addition to general mechanisms for the regulation of transcription in this slowly growing pathogen. The differing antibiotic susceptibilities that result may simply be a downstream consequence of alterations in protein levels of either target proteins or activators.
An analysis of the transcriptional response to upregulation of these toxins under the control of the tetracycline promoter provides a glimpse of the normal transcript ensemble they degrade. RelE3 clustered closely with inhibitors of translation, as evidenced by the large-scale upregulation of genes associated with translation, suggesting that this toxin may be involved in switching off protein synthesis. Intriguingly, RelE3 was associated with the strongest persistence phenotype with translational inhibitors. The translational response of the cells as a result of RelE3 overexpression was not surprising since the RelE toxin of E. coli has been shown to cleave mRNA in the context of the ribosome. The transcriptional response elicited by upregulation of the RelE1 and RelE2 homologs did not cluster with any known inhibitors of metabolism, although they had genes in common with those upregulated upon nutrient starvation in M. tuberculosis (3) . Complete nutrient starvation in vitro is, of course, an extreme case, and the organism may well have evolved differential responses to the depletion of different nutrients. Interestingly, the transcriptional profile of cells overexpressing RelE1 differed from that of cells overexpressing RelE2 by its downregulation of genes encoding the ATP synthase, suggesting differences in energy metabolism between these cells. In all three cases, we observed upregulation of the cognate antitoxin to each homolog of RelE, most likely reflecting an inherent homeostatic property of this regulatory mechanism. Although all three toxins were upregulated during in vivo growth within mouse lungs, all three toxins individually were dispensable for replication and chronic persistence in mouse tissues. Similarly, we found that knockout mutants of the mazF genes encoded by Rv1102c (mazF6), Rv2801c (mazF1), and Rv1942c (mazF5) were not compromised for growth or persistence in lungs of infected mice (see Fig. S1B in the supplemental material). These paradoxical results suggest either that there is redundancy in the control of metabolism by cross talk between the homologs (or other regulatory systems) or that the fitness defect of a failure to adjust transcript levels is subtle. The mouse model, of course, represents only a small fraction . The drugs used in the experiment were isoniazid (H), rifampin (R), and pyrazinamide (Z) at 1, 4, and 200 g/ml, respectively. Percent survival was measured as the number of CFU/ml in the culture after incubation with the drug relative to the number of CFU/ml in the culture pretreatment. The results shown are from one of three independent experiments. (B) Persisters in E. coli are multiply drug tolerant. Early-log-phase cultures of E. coli were exposed to a single drug for 3 h. After 3 h of exposure, a second drug was added for an additional 3 h. The drugs used in this experiment were levofloxacin (L), streptomycin (S), and ampicillin (A) at concentrations of 10 g/ml, 24 g/ml, and 100 g/ml, respectively. Following drug exposures, the surviving bacilli were harvested by centrifugation and washed, and bacterial counts were determined by plating on agar medium. (58) , as recapitulated in this study (Fig. 8B) , whereas in M. tuberculosis cultures, preexisting drug-tolerant persisters represent different populations of cells that remain sensitive to other drug classes (Fig. 8A) . The implications of these findings are clear from such simple experiments using the three mainstays of antituberculosis chemotherapy that are coadministered to the majority of tuberculosis patients globally. Our in vitro results suggest that persisters to any one drug are not automatically persisters to another drug. The fact that individual toxins are associated with drug-specific persistence phenotypes further supports the notion that persisters can arise by a multitude of mechanisms. Whether any subset of persister cells plays a significant role in determining the duration of antituberculosis chemotherapy depends on the spectrum of mechanisms that are engaged in those cells. It remains possible, given the complexities of differential drug penetration into the various types of lesions found in humans, that a subset of the potential persister phenotypes is relevant to chemotherapy duration, but identifying whether and which of the 38 potential RNase toxins play a role in generating the persisters responsible for the relapse of disease in humans will be experimentally challenging.
